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Abstract. While much is known in single cell mechanics, the mechanics of 
. regeneration of naturally grown tissues and cell assemblies is largely unexplored. We 

found a symmetry breaking scenario accompanied by shape fluctuations in dissected 
regenerating Hydra vulgaris tissue tori. A subsequent folding and merging process 
leads finally to a regenerating spheroid. These phenomena are related to the dynamics 
of fluorescent /3- and trans-cellular a-actin structures. By embedding the tissues in a 
hydro-gel the fluctuations could be studied over a longer period of time. The power 
spectrum of the torus-fluctuations shows a non-trivial energy distribution dynamics 
^ ■ depending on the gel stiffness. During the transition, many higher modes where found 

but in the end the 2"^ mode wins in most cases. The toroid builds up an uniform 
a-actin ring along the inner edge of the torus. We found this ring in the inner cellular 
layer to be responsible for the force generation destabilizing the toroid shape. This 
actin structure is presumably controlled by the more stable a-actin structure of the 
outer cell-layer. /3-actin, in contrast, seems not to be involved actively. Only when 
cells switch from the tissue bound state to the individual migrating state, which can be 
triggered mechanically, this actin isoform was found to become important. We describe 
structure and dynamics of both actin systems during the folding and tissue merging 
process finally leading to a spheroid — the inevitable initial state for regeneration. 



1. Introduction 

The cnidarian Hydra vulgaris displays a simple and uniform morphology and possesses 
only a small number of cell types. This, together with the ease of cultivation and 
preparation, renders it an ideal model organism for research on bio-mechanics and 
pattern formation. In contrast to many other multi-cellular experiments. Hydra cell 
assemblies and fragments prove to survive and even regenerate completely avoiding 
misleading results due to tissue degradation and decomposition. Even more, signs of 
ageing could not be stated, so "eternal life" was accorded to this organism [Ij. In fact. 
Hydra as a whole is eternal but not the cells composing it. Similar to hydrodynamic flow, 
the macroscopic properties of the system are not necessarily reflected at a microscopic 
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level. In case of Hydra, cells permanently proliferate, which results in a homeostatic flow 
from the centre to the extremities where the cells are repudiated finally. Its reproduction 
modes are manifold - by budding, gonochorism and by spore formation ^ and depend on 
the environmental conditions Large enough fragments or re- aggregates of any shape 
rearrange into spheroids and regenerate. Grafting experiments revealed a positional 
development of the grafts which hints towards interactions of local and global fields pl-IS] . 

Alan Turing, inspired by such Hydra grafting assays, introduced the reaction- 
diflFusion principle based on short range activator and long range inhibitor fields to 
generate biochemical pattering solely responsible for morphogenesis [6j. Gierer & 
Meinhardt applied this proposition and elaborated a set of reaction-diffusion equations 
to retrieve numerical spatio-temporal solutions [7^8j. Despite the successful reproduction 
of the grafting results and the existence of a minimal tissue size for regeneration, the 
responsible molecules have not been clearly indentified yet ^ and, in addition, the 
ignored genetic time scale in these models is reported to change this theory significantly 
[lOj. A sufliciently reliable diffusion mechanism across or outside of the tissue has not 
been identified and would be too slow, anyway. Furthermore, these models do not 
include or describe mechanical movements and fiuct nations. 

We found that the regenerating Hydra tissues show distinct active mechanical 
movements, which leads us to the conclusion that forces may play a more prominent role 
in the signalling and self-organization process than commonly expected. It was shown 
that mechanical stress - under certain conditions - infiuences the chemical state of cells: 
e. g. /3-catenin increases significantly on compression \TT\. /3-catenin infiuences the 
cytoskeleton regulation and also the expression of genes well-known from development 
and cancer [T2HI1]. However, the links to the tissue fiuctuations and movements are 
still unknown. In the present article we describe the movements and fiuctuations in 
Hydra tissues with the perspective to bridge mechanics and cellular communication in 
the future. 

The building blocks of tissues are cells. Single cell mechanics revealed singular 
material properties, partially due to their highly dynamic polymer networks. The 
cytoskeleton polymers show complex rheology and may even memorize the mechanical 
past of the cell. This can theoretically be captured since recently only p^GlfTTj . 
Furthermore, depending on the pre-stress, the cell reacts to mechanical stress specifically 
with softening or stiffening [TSllIH]. In addition to that, active control may modulate 
these properties. This may explain the contradictory observation of cell stiffening as 
well as softening upon stretch f20l[2T] . 

The tissue around single cells is mimicked by rigid and elastic surfaces coated 
with the corresponding adhesion molecules. Elastic substrates allow to visualize the 
spatio-temporal stress field in and around a stationary or migrating cell [22j. Moreover, 
elastic substrates have been pulled in order to stimulate the cell mechanically. The 
local cytoskeletal response was measured with magnetic or magnetizable micro-particles 
attached to the cell-membrane f23l[2^ or by deformation of micro plates [20]. 

In healthy grown tissues cells usually do neither strongly change shape nor migrate. 
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Figure 1. (a) Cross-section of a Hydra polyp with two buds. Hydra consists of two 
cell layers, the gastrodermis and the epidermis (also called endoderm and ectoderm), 
attached to an extracellular matrix called mesoglea. The polyp forms a tube of which 
one end is surrounded by 7-12 tentacles with the hypostome (mouth) in the centre, 
(b) We observe different isoforms of actin, a-actin which can build up super-cellular 
structures, and /3-actin which becomes particularly prominent when the cell starts 
migrating out of the tissue collective (after [H]). 

Though, it has been stated that tissue grafts lead to increased local cell motility in 
Hydra organisms [25j and developmental gene activation [26j. In regenerating tissues 
cells equally show increased motility f27[[28 j. 

What determines the large scale ordering? One mechanism was found by Johannes 
Holtfreter who investigated embryonic tissues composed of different cell types and 
suggested cell-cell affinity as a sorting mechanism [29j. This lead to the Differential 
Adhesion Hypothesis in analogy to demixing of immiscible fluids. Foty & Steinberg 
showed the direct dependence of surface tension on cell-cell adhesion strength between 
cells in cellular aggregates [30l[3l]. Similar experiments with Hydra cells show a more 
complex variation of this phenomenon: The adhesion strength between equal and 
different cell types is being modulated during the sorting process leading to the correct 
gastrodermis-epidermis cell layers. These experiments support the idea that cell ordering 
is based on the same mechanisms as demixing of a suspension of immiscible fluids. From 
which minimal size do fluid like properties emerge? Propylene glycol switches from 
molecular to liquid-like behaviour at more than 5 molecules [,32j. Tissue-like properties 
were found at about 10 cells [33j - strikingly close numbers in such different systems 
supporting Holtfreter's idea. As much as this phenomenon is important for cellular 
aggregates and in embryology, more mature tissues behave differently. Hydra vulgaris 
is singular as it comprises both extremes of multi-cellular organization, solid-like and 
fluid-like. 

Fluctuations during Hydra regeneration have been investigated only rudimentarily 
so far [34H36] . Only few publications discuss fluctuations during morphogenesis for other 
species jSTlEH]. It was found that fluctuations and symmetry breaking of the spheroid 
pass through three phases of sawtooth like semi-periodic oscillations . These phases 
were found to be related to the expression pattern of a gene associated to the axis 
formation Considering the time scales it could be expected that the mechanical 
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oscillations rather trigger the transcript ome than the inverse. However, more research 
is required here. 

Hydra also possesses a primitive neuronal system mainly concentrated in the 
hypostome and peduncle region [i40j. Does it play a role for the tissue re-organization? 
The gastric column is populated only sparsely with neurons and, even more, most of 
their connections are destroyed during the dissection process. So we assume that their 
contribution is at best marginal. 

We have chosen the simple toroidal geometry for our studies as it may be the best 
shape for studying quantitatively the dynamics of tissues as the periodic boundary 
mimics an infinite space suited for the development and observation of large scale 
phenomena (patterns and waves) on a area restricted by the usual observation fields 
of microscopes. 

While we concentrate on the bio-mechanical properties of the tissues it is clear that 
the "big picture" has to join mechanics with signalling and genetic control in a common 
effort of biologists and physicists. We expect that these findings are not limited to Hydra 
tissues, but may contribute to a new understanding of biological pattern formation, 
complex systems and possibly to the unfolding of new medical approaches. 

2. Folding dynamics 

Dissecting toroidal tissue fragments from the gastric column provides uniform and 
reproducible initial shapes. Our sections are about 150 pm thick and 300 pm wide 
and are consequently composed of a clearly organized inner (gastrodermis) and outer 
(epidermis) cell layer. They comprise about 1500±500 cells in total and we found the 
regeneration being reproducible in about 80 % of our experiments. Larger sections from 
the gastric column do not fold but heal at both ends prior to regeneration. Smaller 
sections show a decreased reproduction probability. Below sizes of 200-300 cells the 
regeneration fails The folding process in general requires not more than (120 ±30) s 
from the ring-shape to the folded ring. Its was considered as accomplished once the 
opposite loops got in contact. 

The measured time period is clearly too short for diffusive signalling across the 
torus, especially as feed-back loops need several passages of signalling fronts before a 
gradient becomes stable: Half of the perimeter accounts for at least 20 cells and free 
diffusion would disperse a signal in not less than lOmin to reach the opposite side [42j. 
The control of diffusion based gradients outside of the tissue is hardly imaginable. Other 
signal paths are gap-junctions, prominent for cardiomyocytes but still being unexplored 
for Hydra. They allow for a direct and extremely fast intracellular signal exchange based 
on electrical potentials driving ion fiow [43j. However, an organizer (sinoatrial node) in 
Hydra providing timing stability is unknown and certainly absent in our small sections 
and therefore probably negligible. Wing morphogenesis of the fruit-fiy (morphogen: 
Dpp) is controlled by transcytosis based gradients — this process even would require 
about 3 days to cross the torus [Sj which is by far too slow. Gene expression would 
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also need many hours jl5lM7] . As a conclusion we hypothesize that the mechanical 
fluctuations may present an essential ingredient to understand tissue organization. 




Figure 2. (a-d) The Hydra folding process observed with confocal microscopy (upper 
row, bar: 100 pm) and as a graphical representation (lower row). The states correspond 
approximately. 



So the question arises if and how such long-range processes are coordinated on the 
observed short time scales. The cellular shape is stabilized against external mechanical 
stress by the cytoskeleton and osmotic pressure . Compression and shear is not only 
able to modulate signiflcantly cellular shape but also to influence the relative position 
of cells in a tissue as well as their function. The degree of deformation is limited only 
by the nucleus - some cells migrate even through gaps as small as 500 nm [49j . Forces 
directly modulate the structure and stability of the cytoskeleton. As forces and shape 
also influence signalling (e. g. /3-catenin) and gene expression, the mechanical state of 
the cell also determines differentiation, function and also mechanical properties bridging 
the short mechanical time scale to the long genetical one - the loop is being closed. In 
return, mechanical stress is forwarded to the adjacent cells and their neighbours possibly 
triggering their reaction, being at the origin of collective deformation and stress flelds. 

During the folding process the gastrodermal cells in the fold, being most bended, 
are submitted to a considerable compression leading to strong cellular deformation. 
In some cases this deformation results in a local disassembly as some cells start flrst 
migrating individually, then they round up and flnally quit the tissue. This process 
resembles to the epithelial-mesenchymal transition (EMT) which has been found in 
tumours, inflammation, for stem cells and during embryogenesis [50l - [52] . However, to 
our knowledge a purely mechanical triggering of this transition has not been described 
before. Cells remaining in the tissue show a low and uniform /3-actin activity, providing 
suflicient stiffness to assure the stability of the tissue. Even for strongly deformed cells 
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an increase in /3-actin could not be stated. We conclude that higher activation of /3-actin 
may therefore most notably come into play if the cells are in the individual migrating 
state and not in the "tissue state". This binary state concept ("in texto", migrating) 
holds as cells were observed in intermediate states only transiently. 

The cellular stiffness not only stabilizes the structure but also controls the 
transmission velocity of mechanical stress across the tissue. The mechanics of single 
cells under different types of external forces and strains is currently being extensively 
investigated and still has to be related further to our observations [211 [531458] . 

3. The a-actin machinery 

The a-actin system of Hydra forms super-cellular bundles in the epidermis as well as 
in the gastrodermis. They are able to span across as much as 7 cells. One epidermal 
cell contains about 7-10 bundles. The bundles in the two cell layers, gastrodermis and 
epidermis, are oriented orthogonally to each other and form a two-dimensional cartesian 
coordinate system, which allows to absorb but also generate stress in any direction. This 
explains the impressive motility of the organism. The epidermal bundles are oriented 
coaxial to the Hydra body and to the dissected-torus axis, and they are positioned 
regularly with an average distance of 3-5 pm. The gastrodermal bundles follow the 
contour of the torus, with varying density. We observed strong bending and length 
fluctuations in both systems, though, the microscopical mechanisms are unknown. The 
gastrodermal bundles are much less pronounced than the epidermal bundles and usually 
appear more clearly once the tissue is stimulated mechanically. 

The question is about which actin isoform in which cell layer is responsible for 
the force generation. In figure [4] (a) the torus just started the folding process with 
the indicated folding axis. We could not find any hint in the /3-actin density allowing 
us to anticipate the folding axis, neither in the gastrodermis nor in the epidermis. In 
contrast, the fluorescent gastrodermal a- actin forms bright zones prior to the folding 
event. Initially the a- actin is scattered in the apical cortex of the irregularly shaped 
gastrodermal cells. In course of time the actin structures become more dense and get 
aligned to bundles (figured] (b-d)). Finally, a dense and strong actin ring is formed 
along the inner side of the torus and the cell's apical side follows a smooth inner 
contour. This is presumably due to increasing internal mechanical stress reducing the 
surface roughness. It is conceivable that the bundling process itself is self-sustained and 
amplified by this stress field along the curved geometry. Simultaneous to the bundle 
formation we observed a decrease in fluorescence intensity of the cytoplasm probably 
due to actin depletion. 

The epidermal bundles also seem to play an important role. Their length was 
observed to fluctuate between 10 to 80 pm with rates up to 150]im/min. The actin 
polymerization is clearly too slow to accomplish such rates, hence myosin is assumed to 
be responsible [59j . By these fluctuations the gastrodermal tissue beneath is periodically 
compressed which would explain the observed densification and orientation of the 
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corresponding actin structure. We assume the contraction forces to be transmitted 
without much damping via the flexible and porous extraceUular matrix network [60j. 
The a priori highly oriented epidermal bundles presumably determine the orientation of 
the gastrodermal bundles which in turn generate the mechanical stress expressed in the 
observed epidermal fluctuations. The gastrodermal system was observed to regularly 
fractionate and split up between the epidermal contractions. So it is much less stable 
than the epidermal one which may allow it to be more adaptive with respect to external 
changes in stress and shape. 

We found that gastrodermal a-actin structures are responsible for the folding 
process. This becomes clear when dissolving the gastrodermis partially by application 
of cytochalasin — an actin polymerization inhibitor. Degradation of the more active 
gastrodermis results when doses superior to 20iimol/^ are applied for 10 min. The 
less active epidermis seems to be less prone to degradation than the gastrodermis. In 
figure [3] (c) it can be observed that the epidermis is significantly more curved in regions 
where the gastrodermal cells are still attached to the tissue. Even more, the curvature 
is always oriented towards the side where the remaining gastrodermal cells are residing 
on top of the epidermal cells. This supports our conclusion that the gastrodermal cells 
are the force generating cell type. 




Figure 3. (a) The gastrodermal a-actin bundles usually are faint. However, if the 
fast deformation leads to an internal shear stress these structures are expressed more 
strongly (ends of bundles at the top left part indicated by arrows), (b) During folding, 
the a- actin intensity is strongly increased on the apical side of the gastrodermal cells. 
This indicates the contraction of this cell layer, (c) Cytochalasin at concentrations 
superior to 20iimol/^ destroys the gastrodermis whereas the epidermis seems to be 
more stable. Still some gastrodermal cells (red) remained intact in the shown picture. 
The curvature of the ring is more pronounced at that sites (indicated by the arrow). 
This also indicates the crucial role of the gastrodermis for the folding process. All bars 
represent 100 pm. 

4. Differential contraction and symmetry breaking 

The folding process requires to violate the cylindrical symmetry of the torus. It would 
be conceivable that osmotic pressure of the gastrodermal cells is at the origin of the 
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Figure 4. (a) The /3-actin fluorescence intensity distribution in the gastrodermis does 
not indicate the axis along which the folding occurs later (axis in yellow). Therefore we 
think that the folding axis selection is random, (b-d) shows a sequence of gastrodermis 
a-actin bundle formation in a later state of the folding process. Initially, (b), the actin 
is scattered over the apical sides of the cells. After about 2 1/2 min, (c) the bundle 
starts forming (folding axis in yellow) and at later times (d) it becomes straight and 
dense. All bars represent 100 pm. 

contraction. This certainly cannot be the case since the enteron (inner cavity of a 
closed Hydra tissue) is hyperosmotic which would result in a cellular swelling and not 
a contraction once these cells are exposed to the external medium [18]. Therefore, we 
attribute the origin of the stress to the acto-myosin system. The gastrodermal a-actin 
forms a contracting ring. Thereby the stress between the two cell layers increases and the 
toroidal shape becomes unstable ("differential contraction"). This is similar to bimetal 
bending on temperature change. Smallest randomly distributed irregularities may be 
amplified now. As a consequence the tissue increases its curvature transversally and 
becomes wavy. The nature of the irregularities is not obvious, as thermal fiuct nations 
are negligible a this length scale. We still ignore their nature as the tissue morphology 
did not reveal at all the subsequent folding axis. A similar phenomenon was found in 
preliminary experiments with tissues exposed to strong mechanical stress. We observed 
that the rupture does not necessarily happen at the apparently weakest site. Even 
more, we observed that the a-actin was actively reinforced in order to cope with the 
concentrated mechanical stress. 

The tissue fragment performs strong contractions. When embedded in very soft 
agarose gel the folding onset can be retarded allowing for longer observation times. 
We found two phases of longitudinal fiuctuations — first a semi-periodic phase with 
frequencies in the range of 1 mHz, a pulsating phase with repetition rates of 10 per 
second — and a silent phase. In the last phase the tissue organization is at least 
partially dismantled. 

Coming back to the instability, we observed mainly creation and decay of stationary 
waves with knots abruptly changing position. Corresponding to the periodicity of the 
system we used Fourier analysis of the fiuorescence intensity along the torus with the 
angle as variable. We restricted our analysis to the modes 2 to 15, because the perimeter 
of the torus only comprises about 20 cells. Higher modes would account for sub-cellular 
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fourier mode 



Figure 5. Hydra tissue in low melting agarose gel with concentrations of (a) 0.4, 
and (b) 1 %. The gel inhibits the folding process and allows the long-term observation 
of the mode dynamics on the ring, (a) Previous to the folding we found presence 
of the modes 2-6 with similar amplitudes. After a few minutes the higher modes 
disappear in favour of the 2"^ mode finally leading to the folding process. We found 
a cascade dissipation mechanism as well as the coupling of a number of even or odd 
modes reflecting even or odd mirror symmetry. In (b) the very stiff gel results in a 
winning 3^^ mode. No higher modes are significant here, (c) Spectra, normalized with 
the initial value of the 2"^ mode and averaged over a short interval at the indicated 
times, are compared for the two gels: In the softer gel a block (2-7) of modes are of 
equal strength during the symmetry breaking (25-35 min), which decay later. Only 
the 2"^ survives and dominates finally. In stiffer gels no block could be seen, usually 
the second mode dominates during the transition. The presented case was observed in 
the stiffest gel: mode switching from the 2"^ to the 3^^ was found. The polyp was not 
able to be regenerated in this case, (d) A typical tissue ring with labelled /3-actin is 
shown together with the sampling line along which the intensity was extracted for the 
Fourier analysis, (bar: 100 pm) 
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deformations going beyond our scope. Modes and 1 correspond to translation and 
rotation thereby being not relevant for the folding dynamics. 

We used gels of different concentrations from 0.2 (soft gel) to 1 % (stiff gel) [61j. 
In soft gels several of the lowest modes (2-10) are initially of about equal amplitudes. 
At the time scale of several 10*^ of minutes, all modes decay with exception of the 2^^. 
This mode leads directly to the correct folding geometry. We observed a reduction of 
the spectrum and a slowing down of the dynamics with stiff er gels. In an almost liquid 
0.2 % gel the second mode dominated after less than 5 min, in stiffer gels it needed more 
time. Only in the stiffest gel (1 %) the 3^^ superseded the 2^^ mode in the end. 

The modes superior to the 2^^ one decayed frequently in a cascade through which 
their energy was progressively transferred to increasingly higher modes. This might 
be a biological dissipation mechanism to transfer the energy to smaller length scales — 
maybe even down to the cytoskeleton. We also observed the transient coupling of several 
exclusively odd or even modes. This reflects the importance of the mirror symmetry of 
the torus. As the bending energy of semi- flexible materials is a quadratic form of the 
curvature, multiple modes are being excited with the lower modes growing faster. The 
constant tissue length finally directs the tissue into the compact shape as described. 

In the already mentioned tissue disintegration in agarose gel the torus is unable to 
fold. Cells round up, form lamellipods and start migrating individually. The lamellipod 
(/3-actin) appears as large spot (about one third of the cell diameter) which moves around 
the cell. Here, we assume the presence of a purely mechanically triggered epithelial- 
mesenchymal transition. 




Figure 6. The /3-actin ring seems to play an important role even in the already 
folded ring. Slight compression significantly amphfies this otherwise only hardly visible 
structure (a). The cells of the epidermis and the gastrodermis are pressed together 
and after 1/2 hour (b) the cells in contact connect inducing the closure of the gaps. 
Finally (c), the a-actin bundles start to disappear and a perfect spherical symmetry 
is established (bar: 100 pm). This spheroid, being symmetric in shape and mechanical 
properties (actin), is the starting point inevitable for the development of a novel 
organism. 
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Figure 7. (a) top view of the epidermal a-actin structure which (b) builds arches over 
the gastrodermal loops (bars: 100 pm). The stiffness of these bundles stabilizes while 
providing enough flexibility to follow the transverse and longitudinal fluctuations due 
to the gastrodermal cells. The orientation of (b) is visualized in (c). 

5. Evolution towards a spheroid 

The epidermis arches as a relatively thin layer over the outer bound of the gastrodermis, 
which is much more voluminous. The epidermal a-actin structures are oriented 
perpendicularly to the gastrodermal bundles and cannot be directly responsible for the 
folding therefore. We assume that one of their duties is rather to distribute the stress 
field generated by the contracting gastrodermal bundle ring over the entire torus. This 
assures stability and reproducibility of the described dynamics. 

The bundles fluctuate transversally around their equidistant "equilibrium" 
positions with an averaged distance of 3-5 pm as shown in flgure [HI These fluctuations 
were found to be highly periodic with a frequency of (30 ± 10) mHz and an excursion 
amplitude of 1-3 pm. We speculate that they reflect the dynamics of the gastrodermal 
cells being mechanically linked via the mesoglea. 

The folding process leads to an arrangement where opposite parts of the previously 
flat tissue fragment come into contact. It is advantageous that the cells of the 
corresponding gastro- and epidermis get automatically aligned and, flnally, get in touch 
along the contact line. This considerably simplifles the subsequent fusion towards 
a closed spheroid. In flgure [9] a-actin structures along the contact line display a 
particularly high density in both, gastrodermis as well as epidermis. The gastrodermal 
a-actin ring, which drives the folding, is now bended following the toroidal shape. 
During the last phase of the folding process the actin bundles get strengthened which 
indicates internal shear stress due to the deformation: The resulting deformation is 
too strong to allow the cells to relax shear and to rearrange their relative positions, 
accordingly. 

A few minutes after the described contact event the gastrodermal cells start to 
develop a spider web like a-actin network stabilizing the still thin contact area. The 
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Figure 8. a-actin fibres in the epidermis after folding are distributed very regularly 
and transverse 5-8 cells. They function as a stiffening scaffold in order to provide 
mechanical stability to the polyp and also for the correct folding and regeneration 
process. They show longitudinal and transverse fluctuations. The amplitude of the 
transverse movements is of the order of 1-3 pm and we observed that the gastrodermal 
bundles are densified by these movements. The oscillations are of constant frequency 
after an initial relaxation transient (at left of dotted line). 



epidermal a-actin is also transiently increased and forms a pronounced linear bundle 
parallel to the contact line. Similar super-cellular actin structures ( "purse strings" ) have 
also been found during dorsal closure of Drosophila embryos [62j. It could be shown 
that the tissue relaxes after laser cutting. The purse string may be at the origin of the 
forces, however, this method perturbs the tissue strongly and it is not clear if the cells 
do not contract because of the destructive method. In our case forces are parallel to the 
contact line and are not suited to bind the not yet connected tissue-pieces together. So 
the purpose of this actin structure is still unknown in our view. Finally, once the cells 
are bound together the tissue zips from the contact point into the direction of the loops 
until the gaps are closed. At the end an almost perfect closed spheroid is obtained - 
the starting point for the next step: the symmetry breaking process leading to a small 
new Hydra as described in [34j- 

In summary we described the regeneration mechanics of Hydra vulgaris tissue tori. 
An instability triggers the growth of different Fourier modes, which are submitted to 
mode selection scenarios. Finally, the 2^^ mode dominates and leads to the highly 
symmetric folding process. Whereas /3-actin was found to be not significant, a- actin 
determines the dynamics. The epidermal actin forms equidistant stripes performing 
longitudinal and transverse fluctuations, which compresses the gastrodermal actin fibres. 
This may impose the orientation and the density of latter. However, the gastrodermal 
fluctuations are fed back to the epidermis, which is expressed in transverse fluctuations. 
Finally the torus folds up, the outermost cells bind with the help of a-actin in both 
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Figure 9. (a) The merge of the distal parts of the torus after folding is accompanied 
by increased epidermal a-actin activity at the contact plane. The reason is unclear, (b) 
Furthermore, the gastrodermal a-actin forms a network guiding the stress field lines 
being concentrated at the narrow contact point (bars: 100 pm). (c) The scheme shows 
the control dependencies of the different a-actin systems. The epidermal actin shapes 
the gastrodermal actin by fluctuations. The latter fluctuates also which is expressed 
in the transverse epidermal a actin movements. 



cell layers, and the gap is getting zipped until a double layer spheroid is obtained. This 
is the starting point of the morphogenesis of a new Hydra as described elsewhere. So 
far the basic mechanism is understood, though, many open questions remain: how are 
the folding modes selected, and do these modes satisfy scaling laws? How strong are 
the involved forces and stress and how are they regulated? What is the purpose and 
the generation mechanism of the different fluctuations after the transition? Are these 
observations also relevant for other tissues? 

6. Materials and methods 

We cultivate four transgenic Hydra vulgaris strains with fluorescence labelled a- and /3- 
isoforms of actin in the epithelial-muscle cells either for the gastrodemis or the epidermis. 
All strains are kept in crystallizing dishes in our chemistry lab at temperatures of 
(18 ± 1)°C. All cultures are fed with freshly hatched Artemia salina nauplii once a 
day and the medium is changed 3-5 hours after feeding. Our medium is composed 
of l.Ommol/^ CaCl2, O.lmmol/^ MgCls, 0.03 mmol/^ KNO3, 0.5mmol/^ NaHCOs and 
0.08 mmol/^ MgS04 in Millipore water. 

The rings were obtained by dissecting the tissue from the central gastric column 
and immediately transferred to a modifled petri dish with a 170 pm cover slip mounted 
over an aperture and with a PTFE plate containing holes with a diameter of 1 mm. 
The teflon plate suppresses parasitic convective flow carrying away the Hydra rings out 
of the observation fleld. The hole was flUed either with medium or low temperature 
melting agarose gel (Sigma- Aldrich A0701) and all together was completely submerged 
into Hydra medium to avoid osmotic and concentration change due to evaporation. 

The toroids were observed on a Leica DM IRE2 inverted microscope coupled with a 
Leica TCS SP2 AOBS confocal scanner and a Leica HC PL Fluotar lOx/0.30 objective. 
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The toroids were made from polyps starved for 24 hours and selected for healthy 
shape prior to dissection. A double-blade scalpel was used to cut out the segments. With 
this technique we avoid large thickness variations due to polyp contractions. As the 
tissue movements are considerable during the first 30 s the toroid had to be transferred 
fast to the observation platform. 

The images were visualized and analyzed with Image J 1.45s and self-made 
Mathematica 8.0 and MatLab R2011a scripts. 

For the gastrodermal tissue degradation Cytochalasin D (Sigma-Aldrich C8273) 
was applied at concentrations up to 20iimol/£ for 10 min. The petri dish was gently 
shaken for 10 s before observation. 
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